Fluorometric analysis is one of the most sensitive methods for detecting organic and/or inorganic compounds and therefore it has been widely used in many scientific fields with improving analytical instruments such as high-performance liquid chromatography (HPLC), capillary electrophoresis (CE), fluorescence confocal microscopy, etc. For these purposes, a great deal of effort has gone into the development of fluorescent reagents using various fluorophores, which can be utilized for derivatizing biologically active small molecules, labeling macromolecules such as proteins and DNAs, and probing ions such as biologically relevant metal cations and inorganic or organic anions. [1] [2] [3] [4] In the development of such fluorescent reagents, it should first be ensured that the fluorophore used has a high fluorescence quantum yield because of the reliably high sensitivity in the detection. Fluorescein is one of the most widely used fluorophore for biological experiments, since it has a high fluorescence quantum yield of 0.90 or grater in aqueous solution and its excitation and emission wavelengths are in the visible region. Recently, Nagano and coworkers have succeeded in developing fluorescent reagents for the specific detection of nitric oxide (NO), [5] [6] [7] [8] singlet oxygen ( 1 O 2 ), 9,10) and others 11,12) using fluorescein as the fluorophore. 4,4-Difluoro-4-bora-3a,4a-diazas-indacenes (BODIPYs) are also well-known fluorophores that have very sharp and narrow fluorescence bandwidths in addition to their high fluorescence quantum yield in aqueous solution. 4, 13, 14) Therefore they have been used as mother fluorophores for many analytical purposes. [15] [16] [17] [18] However, the difference between the excitation and emission wavelengths of these derivatives are very small, less than approximately 30 nm for fluoresceins and 15 nm for BODIPYs, and it is necessary to correct their spectra from interferences such as Rayleigh or Raman scattering light.
Fluorometric analysis is one of the most sensitive methods for detecting organic and/or inorganic compounds and therefore it has been widely used in many scientific fields with improving analytical instruments such as high-performance liquid chromatography (HPLC), capillary electrophoresis (CE), fluorescence confocal microscopy, etc. For these purposes, a great deal of effort has gone into the development of fluorescent reagents using various fluorophores, which can be utilized for derivatizing biologically active small molecules, labeling macromolecules such as proteins and DNAs, and probing ions such as biologically relevant metal cations and inorganic or organic anions. [1] [2] [3] [4] In the development of such fluorescent reagents, it should first be ensured that the fluorophore used has a high fluorescence quantum yield because of the reliably high sensitivity in the detection. Fluorescein is one of the most widely used fluorophore for biological experiments, since it has a high fluorescence quantum yield of 0.90 or grater in aqueous solution and its excitation and emission wavelengths are in the visible region. Recently, Nagano and coworkers have succeeded in developing fluorescent reagents for the specific detection of nitric oxide (NO), [5] [6] [7] [8] singlet oxygen ( 1 O 2 ), 9, 10) and others 11, 12) using fluorescein as the fluorophore. 4,4-Difluoro-4-bora-3a,4a-diazas-indacenes (BODIPYs) are also well-known fluorophores that have very sharp and narrow fluorescence bandwidths in addition to their high fluorescence quantum yield in aqueous solution. 4, 13, 14) Therefore they have been used as mother fluorophores for many analytical purposes. [15] [16] [17] [18] However, the difference between the excitation and emission wavelengths of these derivatives are very small, less than approximately 30 nm for fluoresceins and 15 nm for BODIPYs, and it is necessary to correct their spectra from interferences such as Rayleigh or Raman scattering light.
On the other hand, coumarin (2H-benzopyran-2-one), is also another interesting fluorophore, since its fluorescence changes drastically with substituents and their introduced positions. [19] [20] [21] In previous papers, we reported the fluorescence characteristics of methoxycoumarins and discussed the structural features of strongly fluorescing methoxycoumarins from the viewpoint of intramolecular charge transfer (ICT) between push-and pull-substituents in the ground and the excited states. 22, 23) Based on the above findings, we succeeded in developing novel fluorescent reagents with both high sensitivity and functions such as self-catalytic reactivity. [24] [25] [26] In the course of those studies, we suspected that most coumarin derivatives showed large Stokes shifts in their fluorescence spectra as compared with other fluorophores. These large Stokes shifts appear to be advantageous for escaping autofluorescence from biological molecules and reducing the self-absorption of chromophores. Further, if the emission bands of coumarins could be shifted to longer wavelengths with large Stokes shifts, analytical detection limits would markedly increase because of the clearing of interferences off and higher signal-to-noise (S/N) ratio. With this in mind, we began to design novel coumarin fluorophores that can fluoresce in the longer wavelength region while considering the relationship between the chemical structure of coumarins and their fluorescence properties. Here, we report the synthesis and the fluorescence properties of 6-methoxycoumarin and benzocoumarin (naphtopyranone) derivatives as candidate novel fluorophores emitting in the longer wavelength region, and the preliminary investigation of their application to fluorescence derivatization reagents using synthesized fluorophores as an example.
Results and Discussion
Design of Coumarin Fluorophores Although coumarin by itself is nonfluorescent, its derivatives with both electron- To improve the fluorescence characteristics, especially emission wavelength, of coumarins, various 3-substituted-6-methoxycoumarin derivatives were synthesized, and then benzocoumarin derivatives were also synthesized in expectation of the shift to the longer wavelength region by the extension of the conjugated system. Their fluorescence properties were investigated spectrophotometrically in acetonitrile and evaluated from the viewpoint of the intramolecular charge transfer (ICT) between push-and pull-substituents in the ground and the excited states. Among them, benzocoumarin derivatives especially fluoresced in the longer wavelength around 540 nm with remarkably large Stokes shifts beyond 10000 cm donating groups at the 6-and 7-positions and an electronwithdrawing group at the 3-position develop intense fluorescence, [19] [20] [21] as shown in 3-acetyl-6,7-dimethoxycoumarin with a quantum yield of 0.52 and a large Stokes shift of 5200 cm Ϫ1 in methanol. 22) In previous studied, we examined in detail the fluorescence characteristics of coumarins from the viewpoint of the substituent effect in connection with two ICT in the coumarin skeleton and postulated that one ICT from an electron-donating group at the 6-position to an electron-withdrawing group at the 3-position contributed to the fluorescence wavelength and the other ICT from an electrondonating group at the 7-position to an electron-withdrawing lactone carbonyl group at the 2-position contributed to the fluorescence intensity. 22, 23) Based upon the above hypotheses, only the former ICT may be allowed to shift the emission wavelength of coumarin to the longer wavelength region. Thus 6-methoxycoumarin derivatives with various substituents at the 3-position were synthesized and their fundamental fluorescence behaviors were investigated spectrophotometrically.
It is well known that seminaphthofluoresceins (SNAFLs) and naphthofluoresceins, which are recognized as annellated derivatives of fluorescein by one or two aromatic ring, have longer emission wavelengths at 623 nm and 663 nm, respectively, compared with fluorescein (516 nm). 4, [27] [28] [29] We thought that the introduction of such conjugated systems into the coumarin skeleton would make it possible to emit fluorescence in the longer wavelength region. However, it should be noted that the direction of annellation possibly affects the fluorescence properties of coumarin, as observed in studies of SNAFLs and naphthofluoresceins. Therefore a series of benzo-annellated coumarins, that is, 5,6-benzocoumarin (3H-naphto[2,1-b]pyran-3-one), 6,7-benzocoumarin (2H-naphto [2,3-b] pyran-2-one), and 7,8-benzocoumarin (2H-naphto[1,2-b]pyran-2-one) derivatives were first synthesized, and their fundamental fluorescence properties were investigated for comparison.
Syntheses 6-Methoxycoumarin 1a was synthesized according to the method described in the literature. 30) Other derivatives 1b-f, with various substituents at the 3-position, were synthesized from 5-methoxysalicylaldehyde 31) with active methylene compounds such as ethyl acetoacetate, diethyl malonate, ethyl cyanoacetate, and ethyl nitroacetate by means of Knoevenagel condensation 32) using piperidine as a catalyst in dry ethanol, and with phosphoranes such as carbethoxymethyl triphenylphosphorane and carbethoxyethyllidene triphenylphosphorane in diethylaniline, respectively. The benzocoumarin derivatives 4a and b, 5a and b, and 6a-d and f were also obtained from the appropriate hydroxynaphthaldehyde in a similar manner to that for 6-methoxycoumarin derivatives. 3-Formyl-6,7-benzocoumarin 6e was obtained by the oxidation of 6d with selenium dioxide in toluene. 33) Effects of Substituents on Spectroscopic Properties of 6-Methoxycoumarins The typical absorption spectra of 3-substituted-6-methoxycoumarins (1b, 1d, 1f) in acetonitrile are shown in Fig. 1 . Their spectroscopic properties, absorption maxima (l max ), molar absorptivities (e), fluorescence excitation maxima (l Ex ), fluorescence emission maxima (l Em ), Stokes shifts (D n), and relative fluorescence intensities (RFIs) are listed in Table 1 , together with the Hammett substituent constants (s p -values). 34, 35) The RFIs are represented as values against the fluorescence intensity (100) of the standard compound 1a. Although the Hammett substituent constants are commonly used for the estimation of reactivity and there is no theoretical connection between s p constants and fluorescence, these parameters appeared to be suitable and easily available to represent the total electronic effects in the ground state because of the fluorescence of coumarins based upon the typical ICT between push-and pull-subtituents in a molecule. Gottlieb and coworkers reported that the 13 Cchemical shifts of 6-and 7-substituted coumarins correlated to the Hammett constants. 36) Furthermore, Sherman and Robins pointed out the close correlation of the fluorescence of substituted 7-hydroxycoumarins with the Hammett constants. 37) Recently, Imai and coworkers have also succeeded in predicting the fluorescence characteristics of benzofurazan compounds using the Hammett substituent constants. 38) Therefore it can be expected that the ICT character of coumarin derivatives in the ground state primarily reflects their emissive ICT in the excited state. As shown in Fig. 1 , the absorption spectra of 6-methoxycoumarins were influ- enced by a substituent at the 3-position. The l max values of 3-substituted compounds (1a-f) shifted to longer wavelengths with an increase in electron-withdrawing ability (see s p ) of substituents in the order of 1fϾ1eϾ1dϾ1cϾ1aϾ1b, whereas their molar absorptivities (e) were similar except for that of 1b (Table 1 ). In contrast to the absorption spectra, their fluorescence spectra differed markedly. In the RFI, a drastic increase was observed for 1c-e substituted with electron-withdrawing groups, i.e., ethoxycarbonyl (ester) to cyano groups, as compared with that of 1a and b. The RFI value of 1f, with the strongest electron-withdrawing nitro group, was comparable with that of 1b, with an electron-donating methyl group. This prominent decrease in 1f may be attributed to the nonemissive twisted ICT (TICT) excited state, [39] [40] [41] [42] [43] where push-pull p-electron systems between a methoxyl group at the 6-position and a nitro group at the 3-position in a molecule must be fully separated in polar solvent such as acetonitrile. Rettig and Klock reported that the very weak fluorescence of 6-aminocoumarin with a stronger electron-donating amino group than the methoxyl group was attributed to this TICT between the amino group and coumarin ring. 44) In spite of 6-methoxycoumarins 1a and 1c-f having similar molar absorptivities (e), the reason for the distinct differences in their fluorescence intensities is not yet obvious. It is likely that the ICT characters such as dipole moments of 6-methoxycoumarins in the excited state are more amplified than those in the ground state. In future, the study of computer calculations of substituent effects in the excited state may enable the fluorescence characteristics to be predicted more precisely. On the other hand, the l Em values of these compounds were also shifted to longer wavelength regions, with an increase in the electron-withdrawing ability of substituents at the 3-position. Furthermore, the wavelengths were also about 20 nm longer than that of 6,7-dimethoxycoumarins and resulted in the Stokes shifts (D n) beyond 6000 cm
Ϫ1
. The results were in accordance with our hypothesis that an ICT from a methoxyl group at the 6-position to a substituent such as ethoxycarbonyl and acetyl groups at the 3-position greatly contributes to the fluorescence wavelength. Although the fluorescence quantum yields of 6-methoxycoumarins were lower than those of fluoresceins and BODIPYs, as shown in 1d with a quantum yield of 0.02 in acetonitrile, 22) their large D n values appear to be useful for fluorometric analysis. To confirm this hypothesis, we tried to synthesize novel fluorescence derivatizing reagents based on the 6-methoxycoumarin skeleton and investigated the fluorescence properties of the compounds derivatized by such reagents.
Fluorescence Derivatization by 6-Methoxycoumarin Reagents In general, the fluorescence derivatization reagents consist of two parts, a mother fluorophore and a group reactive to target molecules. We have already reported the effects of the reactive groups of 6,7-dimethoxycoumarin reagents, such as the bromoacetyl group for carboxylic acids, hydrazinocarbonyl group for ketones or aldehydes, and chlorocarbonyl group for hydroxyl and amino groups, on the fluorescence characteristics of derivatized compounds and found that the compounds derivatized by both bromoacetyland chlorocarbonyl-reactive groups showed excellent fluorescence quantum yields in acetonitrile and aqueous acetonitrile. 45) In this study, we also chose bromoacetyl, carboxylic, and chlorocarbonyl groups as reactive groups of derivatizing reagents and introduced them into the 3-position of the 6-methoxycoumarin skeleton. The synthetic route for the above derivatization reagents and their derivatization reactions are shown in Chart 1. One reagent, 2a with a bromoacetyl-reactive group, was synthesized from 1d as previously reported, 46, 47) and the derivatization reaction of carboxylic acids with 2a was carried out using acetic acid, lauric acid, and benzoic acid as model carboxylic acids in the presence of catalysts such as KHCO 3 and 18-crown-6 to yield the derivatized compounds 2b-d, respectively. Another reagent, 3a with a carboxylic group as a reactive group, was synthesized by the acid hydrolysis of 1c, and the derivatized compounds esters 3b and c and amides 3d-f were obtained using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC HCl) and 4-N,N-dimethylaminopyridine (DMAP) as usual catalysts in dichloromethane. The fluorescence properties of these derivatized compounds in methanol and acetonitrile are listed in Table 2 . The RFIs in this table are represented as the relative values against the fluorescence intensity (100) of reference compound 1d. These results showed that the difference of excitation and emission wavelengths (D l) and Stokes shifts (D n) of all derivatized compounds were greater than 100 nm and 6000 cm Ϫ1 , respectively, except for 3f. In particular, those of 2b-d obtained using reagent 2a reached more than 120 nm and 6900 cm Ϫ1 , respectively. These large shifts in the fluorescence spectra in the fluorescence spectra may be due to the strong electronwithdrawing ability of a newly introduced functional group, which has two carbonyl groups at the 3-position of the coumarin skeleton due to the derivatization reaction. Al- though a fluorescence quantum yield for 2c in methanol has already been reported to be 0.25 (RFIϭ149 in Table 2 ), 22) those of 2b and 3b and c appear to be high as well. On the other hand, the RFIs of 3d-f obtained using reagent 3a were slightly low as compared with the above compounds, because thir electron-withdrawing ability at the 3-position were reduced by an amide group. However, these Stokes shifts were still greater than 6000 cm
. This trend in fluorescence intensity was also observed in the study of 6,7-dimethoxycoumarin reagents. 22, 23) Therefore these fluorescence derivatization reagents based on the 6-methoxycoumarin skeleton are expected to have fluorescence properties superior to that of the 6,7-dimethoxycoumarin skeleton from the viewpoint of the highly sensitive fluorescence detection of analytes in the longer wavelength region.
Effects of Annellation on the Spectroscopic Properties of Benzocoumarins
The absorption and fluorescence spectra of three different benzocoumarins, 3-acetyl-5,6-benzocoumarin 4b, 3-acetyl-7,8-benzocoumarin 5b, and 3-acetyl-6,7-benzocoumarin 6b, in acetonitrile are shown in Figs. 2 and 3, respectively, and the results are summarized in Table  3 . As predicted, the direction of annellation affected both the absorption and fluorescence properties of benzocoumarin derivatives. The shape of the absorption band of 6b from around 300 to 450 nm is markedly different from that of 4b and 5b. Linear compound 6b had a l max at 337 nm with a small shoulder band at around 370-450 nm, whereas angulated compounds 4b and 5b definitely had two splitting absorption bands at 337 and 382 nm for 4b and 329 and 390 nm for 5b, respectively, as shown in Fig. 2 . Although such annellation effects on the absorption spectra were frequently observed in condensed aromatic compounds, for example, a linear compound such as anthracene generally has a l max ascribed to Platt's 1 L b or Clar's p bands in the longer wavelength region than that of an angulated phenanthrene. The l max values of benzocoumarin derivatives shifted to longer wavelengths in the order of 5bϾ4bϾ6b with decreasing absorbance. The same tendency was also observed in the 3-carboethoxy compounds (5aϾ4aϾ6a), as shown in Table 3 . These differences in the absorption spectra apparently were attributed to the substituent effect at the 3-position of the benzocoumarin skeleton. The changes in transition moment in a molecule may be reflected in their absorption spectra as the critical difference between linear compound and angulated compounds. That is, this may be due to the increase in the CT character between the benzocoumarin skeleton and a substituent at the 3-position. However, the fluorescence intensity increased in the order of 5bϾϾ4bϾ6b, as shown in Fig. 3 . Konishi and coworkers also observed the same behaviors in the fluorescence intensity of angulated and linear benzocoumarins in ethanol and benzene. 48) Among these benzocoumarins, 4a of the ester-type and 5b of the acetyl-type 
Chart 1 compounds showed the highest fluorescence intensity (Table  3) . These results apparently indicate that the fluorescence intensity of the benzocoumarins is influenced not only by the direction of annellation, but also by the electronic effect of substituents at the 3-position. In contrast to these behaviors in the fluorescence intensity, the l Em values of the benzocoumarins shifted to the longer wavelength region in the order of 6Ͼ5Ͼ4. In particular, that of linear compound 6b reached the longest wavelength of 549 nm, in spite of l Ex in shorter wavelength (341 nm) and lower RFI. As a result, the linear compounds 6a and b showed remarkably large Stokes shifts (D n) of greater than 11000 cm
Ϫ1
, values two-fold greater than those of the angulated compounds. Although such fluorescence characteristics of the linear compounds 6a and b are not clear, their emissive ICT characters in the excited state may be stabilized by the solvation of polar solvents such as acetonitrile, resulting in shifts of their l Em values to the longer wavelength region and the lowering of their fluorescence intensities. 43, 49) Thus the 6,7-benzocoumarin skeleton was chosen as a novel fluorophore emitting in the longer wavelength region, and its derivatives with various substituents at the 3-position were synthesized to understand the detailed fluorescence properties. Table 4 shows the fluorescence spectral data of 3-substituted 6,7-benzocoumarins 6a-f. All the benzocoumarin compounds with electronwithdrawing groups such as ester (6a), acetyl (6b), and formyl (6e) groups at the 3-position developed intense fluorescence. Langmuir and coworkers reported that the fluorescence quantum yields of linear benzocoumarin compounds were very weak compared with those of angulated compounds. 49) For example, a quantum yield of methyl 7-methoxy-2H-naphto[2,3,b]pyran-2-oxo-3-calboxylate, which is a family compound of 6a, was found to be 0.13 in ethanol, but its D l value was 167 nm, resulting in a large D n value (8500 cm Ϫ1 ). It was observed in this study that the l Em values of the compounds with electron-withdrawing groups shifted to the longer wavelength region with larger D n values than those of nonsubstituted derivative 6f and derivative 6d with an electron-donating methyl group at the 3-position. In contrast, the RFI of 6c with a strong electron-withdrawing cyano group apparently decreased. The reduction in the fluorescence intensity of 6c may be also ascribed to the nonemissive TICT excited state due to the strong electron-withdrawing ability of the cyano group, as well as in the case of 6-methoxy-3-nitrocoumarin 1f. In this investigation, we con- firmed that the linear benzocoumarin compounds with electron-withdrawing groups at the 3-position had remarkably large Stokes shifts of greater than 10000 cm Ϫ1 in spite of low fluorescence intensity, and therefore that the introduction of such conjugated systems into the coumarin skeleton was effective for the development of longer wavelength emissive fluorophores. Next, we tried to synthesize novel fluorescence derivatizing reagents based on the 6,7-benzocoumarin skeleton and investigated fluorescence properties of the derivatives prepared by such reagents.
Fluorescence Derivatization by Benzocoumarin Reagents The synthetic routes of novel fluorescence derivatization reagents based on the 6,7-benzocoumarin skeleton and their derivatization reactions are shown in Chart 2. A bromoacetyl group was also selected as a reactive group for carboxylic acids, and the derivatization reaction with reagent 6g was carried out in a similar manner to that with 2a. On the other hand, a more reactive chlorocarbonyl group 45) than the carboxylic group in 6-methoxycoumarin reagent 3a was introduced into the benzocoumarin skeleton to give reagent 6l, and the derivatization reactions of alcohols, phenols, and amines with reagent 6l proceeded smoothly at room temperature as compared with 3a. The fluorescence spectral data of the derivatives 6h-j and 6m-q obtained with these reagents in acetonitrile and methanol, which are frequently used as solvents in HPLC and CE, are summarized in Table  5 , with reference compound 6b. The l Em values of these derivatives were shifted to the longer wavelength region with an increase in the electron-donating ability of the new functional group (6h-jϾ6m, nϾ6o, p) introduced by the derivatization reaction, and these l Em values reached more than 520 nm. As a result, their D n values were surprisingly large, almost greater than 10000 cm
. The actual fluorescence of these products in methanol appeared greenish yellow with excitation at 365 nm on the transilluminator apparatus. A further examination of Table 5 shows that the tendency of these derivatives in terms of fluorescence intensity was apparently different from those of reagents 2a and 3a based on the 6-methoxycoumarin skeleton. Among the derivatives, the fluorescence intensities of 6h-j obtained by a reagent 6g were lower and those of 6o-q obtained with reagent 6l were higher, except for 6q in methanol. Interestingly, this tendency was reversed in acetonitrile. A strong electron-withdrawing group with two carbonyl groups is present in derivatives 6h-j, whereas a weak electron-withdrawing amide group is present in derivatives 6o, p. Therefore the difference in fluo- rescence intensity could be attributed to the difference in electron-donating ability between the introduced benzene ring and methoxyl group. It is likely that the ICT characters involving solvation of these benzocoumarins in the excited state are different from those of 6-methoxycoumarin derivatives. In any case, these findings indicate that such derivatization reagents based on the benzocoumarin skeleton would be useful for selective and sensitive detection of specific molecules in complex biological systems, because of their large Stokes shifts of more than 10000 cm
. In the future, we will attempt to confirm the above results in further, more precise spectroscopic experiments and elucidate the theoretical relationships between spectroscopic behaviors such as absorption and fluorescence and chemical structures involving the substituent effects of coumarin derivatives.
In conclusion, we have found two candidates to be novel fluorophores, 6-methoxycoumarin and 6,7-benzocoumarin, which can fluoresce in the longer wavelength region with large Stokes shifts. The former was designed based on the emission mechanism of coumarins, while the latter was based on the introduction of conjugated systems due to annellation.
Using the fluorophores, we obtained fluorescence derivatization reagents 2a, 3a, 6g, and 6l for target molecules. Since the derivatized compounds can emit fluorescence in the longer wavelength region with large Stokes shifts, they should be useful for selective and sensitive detection of various biological molecules in analytical procedures such as HPLC and CE. In addition, the application of these reagents to multicolored imaging, which can distinguish many target molecules simultaneously owing to the varying bright fluorescence from white blue to greenish yellow even if excited at the same wavelength, would be possible.
Experimental
1 H-NMR spectra were obtained with a JEOL LNM-GSX 500FT-NMR spectrometer. Chemical shifts are expressed in d ppm downfield from an internal tetramethylsilane (TMS) signal. The following abbreviations are used: s, singlet; d, doublet; t, triplet; and m, multiplet. The mass spectra (MS) were recorded with a JEOL JMS-DX303 spectrometer using the electron impact ionization (EI) mode at 70 eV. The fluorescence spectra were recorded with a Hitachi F-4500 fluorescence spectrophotometer. The slit width was 5.0 nm for both excitation and emission. RFI values were obtained by comparing the area under the recorded spectrum of coumarin derivatives with the standard one. All chemicals were of reagent grade and were used without further purification. The solvents (Luminasol) used for the fluorescence measurement were purchased from Dojindo Laboratories (Kumamoto, Japan). Silica gel chromatography was performed using Silica gel 60 (Merck).
Preparation of 1b
This compound was prepared from 5-methoxysalicylaldehyde 31) and calbethoxyethylidene triphenylphosphorane in diethylaniline according to the method described in a literature. 30) Crude product was subjected to silica gel chromatography using chloroform as the eluent and recrystallized from hexane to give 1b as pale yellow needles. 3-Bromoacetyl-6-methoxycoumarin (2a): This compound was prepared by the bromination of acetyl compound 1c using tetrabuthylammonium tribromide (TBABr 3 ) as previously reported 46, 47) and recrystallized from ethanol to give yellow needles of 2a. General Synthetic Method of Derivatized Products 2b-d 46, 47) A mixture of 2a (1.1 mmol), the appropriate carboxylic acid (1.2 mmol), 18-crown-6 (1.0 mmol), and KHCO 3 (800 mg) in acetone (200 ml) was stirred at room temperature for 30 min. The solvent was evaporated to dryness under reduced pressure. The residue was purified by column chromatography on silica gel eluted with chloroform-ethyl acetate (9 : 1). Recrystallization from ethanol gave 2b-d as pale yellow needles in 60-80% yields.
6-Methoxycoumarin-3-carbonylmethyl Acetate (2b): 
(5.0 mmol) in concentrated hydrochloric acid (10 ml) containing acetic acid (5 ml) was refluxed for 2 h. The mixture was poured into ice-water (100 ml), and then the resulting precipitate was collected, washed with water, and recrystallized from ethanol to give 3a as yellow needles. General Synthetic Method of Derivatized Products 3b-f To an icecold suspension of 3a (1.0 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC HCl) (1.1 mmol) , N,N-dimethylaminopyridine (DMAP) (1.1 mmol) in dichloromethane (20 ml) was added dropwise to the appropriate alcohols, phenols, or amines with stirring. The reaction mixture was stirred for a further 1 h at room temperature, and then the mixture was washed with saturated aqueous NaHCO 3 and water. The solution was dried over anhydrous Na 2 SO 4 and the solvent was evaporated. The residue was purified by column chromatography on silica gel eluted with ethyl acetate. Recrystallization from ethanol gave 3b-f as pale yellow needles in 62-92% yield.
Methyl 6-Methoxycoumarin-3-carboxylate ( General Synthetic Method of 4a and b, 5a and b, and 6a-c A mixture of the hydroxynaphtaldehyde, 2-hydroxy-1-naphtaldehyde for 4a and b, 1-hydroxy-2-naphtaldehyde for 5a and b, and 2-hydroxy-3-naphtaldehyde 50) for 6a-c (10 mmol) and the appropriate ester (10 mmol) in 25 ml of absolute ethanol was refluxed in the presence of a few drops of piperidine for 30 min. After cooling, the resulting precipitates were recrystallized from ethanol to give benzocoumarins as yellow needles.
Ethyl 5,6-Benzocoumarin-3-carboxylate ( 51) 3-Formyl-6,7-benzocoumarin (6e): A solution of 6d (1.5 mmol) dissolved in toluene was refluxed with selenium dioxide (2.0 mmol) for 2 h. The mixture was filtered hot to remove black selenium, and the filtrate was concentrated under reduced pressure. The residue was purified by column chromatography on silica gel eluted with chloroform-ethyl acetate (7 : 3), and the desired fractions were concentrated to give 6e as yellow crystals. 1 6,7-Benzocoumarin (6f): This compound was synthesized in a similar manner to that described for 1b and purified by recrystallization from ethanol-chloroform to give the product as yellow needles.
3-Bromoacetyl-6,7-benzocoumarin (6g): This compound was synthesized from acetyl compound 6b in a similar manner to that described for 2a and purified by recrystallization from ethanol-chloroform to give the product as yellow needles. General Synthetic Method of Derivatized Products 6h-j These compounds were synthesized from 6g in a similar manner to that described for 2b-d and purified by column chromatography on silica gel eluted with chloroform-ethyl acetate (9 : 1). Recrystallization from ethanol-chloroform gave 6h-j as pale yellow needles in 60-92% yields.
6,7-Benzocoumarin-3-carbonylmethyl acetate ( 6,7-Benzocoumarin-3-carbonylchloride (6l): A suspension of 6a (10 mmol) in concentrated hydrochloric acid (50 ml) containing acetic acid (10 ml) was refluxed for 2 h. The mixture was poured into ice-water (500 ml), and then the resulting precipitate was collected, washed with water, and recrystallized from ethanol to give 6k as yellow needles.
1 H-NMR (DMSO-d 6 General Synthetic Method of Derivatized Products 6m-q To an icecold solution of the appropriate alcohol, phenol, or amine (1.0 mmol) and triethylamine (TEA) (1.1 mmol) in dichloromethane (20 ml) was added dropwise 6l in dichloromethane (5 ml) with stirring. The reaction mixture was stirred for a further 1 h at room temperature, and then the mixture was washed with saturated aqueous NaHCO 3 and water. The solution was dried over anhydrous Na 2 SO 4 and the solvent was evaporated. The residue was purified by recrystallization from ethanol to give 6m-q as pale yellow needles in 60-70% yield.
Methyl 6,7-Benzocoumarin-3-carboxylate ( 
